Context. The ALMA and Herschel missions promise to deliver data of high spatial and spectral resolution at far-infrared and submillimeter wavelengths. Modeling these data will require the knowledge of accurate radiative and collisional rates for species of astrophysical interest. Aims. We calculate the rotational excitation rate coefficients of NO in collisions with He and check the validity of the LTE approach in interpreting observations of rotational lines of NO. Methods. State-to-state rate coefficients between the 360 lowest hyperfine levels of NO were calculated using the M J randomizing limit method for temperatures from 10 K to 350 K. We performed calculations of the excitation of NO using the new rate coefficients using a large velocity gradient (LVG) radiative transfer code. Results. The critical densities of the lines are found to be at > ∼ 10 5 cm −3 . The low dipole moment of NO ensures that the line emission is optically thin up to column densities of ∼10 15 cm −2 . Lines in the ground (Ω = 1/2) state are readily detectable in typical conditions (N(NO) = 10 13 cm −2 ; T = 10-30 K), whereas lines in the excited Ω = 3/2 state are observed only in warm (T > 50 K) regions with higher column densities (N(NO) = 10 14 cm −2 ). Line ratios of NO may well be used to constrain the ambient temperature and/or density. Conclusions. The new rate coefficients will help significantly in interpreting NO emission lines observed with current and future telescopes, and enable this molecule to become a powerful astrophysical tool.
Introduction
Knowledge of chemical conditions in dense interstellar clouds is essential in understanding key processes in the Universe, such as the gravitational collapse of these clouds that leads to the formation of stars, and gas accretion onto supermassive black holes at the centers of many galaxies. Due to their low temperatures and high extinctions, dense interstellar clouds should be observed at long (infrared and radio) wavelengths, and their submillimeterwave emission line spectrum is a prime diagnostic tool. The use of molecular rotation lines to estimate the physical parameters of the clouds, such as volume density and kinetic temperature, requires understanding of the underlying chemical processes to understand which molecules are abundant under which conditions. Furthermore, the chemical composition of interstellar matter depends on parameters that are otherwise difficult to estimate, such as time and X-ray radiation field. By using chemical models, these parameters can be used to gain information about the clouds, which would be otherwise impossible to obtain (see Van der Tak 2005 , for a review of this subject).
The estimation of molecular column densities and abundances from spectral line data at infrared or submillimeter wavelengths may be carried out at several levels of sophistication ( Van der Tak et al. 2007 ). The choice of method depends on the nature of the observational data, but also on the available molecular data. In particular, while spectroscopic data are available for most molecules of astrophysical interest, collisional data are much rarer. Of the more than 140 molecules known to exist in space, rate coefficients for collisional (de)excitation exist for fewer than 30. The existence of accurate collision rates is crucial to the interpretation of molecular line observations. Without these rates, only approximate estimates of the molecular column density are possible assuming local thermodynamic equilibrium (LTE), which at the typical densities of dense interstellar clouds is generally not a good approximation. For molecules for which rates are known, non-LTE calculations may be performed that enable us to complete accurate column density estimates from single lines, but also estimates of kinetic temperature and volume density if several lines are observed. Therefore, astrophysical models improve significantly in sophistication with knowledge of molecular collision rates. An example of a key chemical species for which collisional excitation coefficients have been unavailable until now is NO.
Nitric oxide (NO) is proposed to be the main precursor species in interstellar N-O chemistry, but its abundance remains poorly understood for at least two reasons. First, the main Article published by EDP Sciences production (N + OH → NO + H) and destruction (NO + N → N 2 + O) channels are both neutral-neutral reactions with uncertain activation barriers (Gerin et al. 1992) . Second, it is unknown whether the main nitrogen reservoir in interstellar clouds is N or N 2 , partly because this is difficult to establish since N 2 has no rotational line spectrum and N has no fine-structure lines.
The chemistry of NO is sensitive to temperature, since, in addition to the channels mentioned above, the reaction NO + NH → N 2 O + H becomes important at T > ∼ 100 K. In the Sgr B2 region, NO is indeed widespread while N 2 O is confined to the warmest parts (Halfen et al. 2001 ). At temperatures above ≈200 K, OH is removed from the gas phase by the neutralneutral reaction with H 2 into H 2 O (+H). This effect increases the sensitivity of the nitrogen chemistry to temperature because the lack of OH means that more nitrogen is available in atomic form, leading to an explosion of N-bearing species in hot cores (Rodgers & Charnley 2001) .
Observations of NO in two pre-protostellar cores by Akyilmaz et al. (2007) develop the above picture in more detail. These authors find a depletion of NO toward the centers of these cores and conclude that nitrogen is primarily in atomic form prior to the gravitational collapse of the cores. Based on N 2 H + observations, this conclusion was also reached by Maret et al. (2006) .
The present paper aims to advance the above discussion by providing the necessary data to obtain accurate estimates of NO abundances from observational data. After an outline of the rotational spectrum of NO (Sect. 2), the calculation of collisional rate coefficients is presented in Sect. 3. The application of these rates in astrophysical radiative transfer calculations is given in Sect. 4, and the main conclusions of this work are in Sect. 5.
Spectroscopy of NO
Apart from the lowest (J = 1/2) level, the manifold of rotational levels with quantum number J of the open-shell NO molecule in its ground X 2 Π electronic state is split into two, due to the (electron) spin-orbit coupling. The degree of splitting is governed by the spin-orbit constant A. In the case of NO, A is positive, such that the lower manifold, designated by 2 Π 1/2 , (Herzberg 1968 ), corresponds to the states for which the sum, |Ω|, of the projections, Λ and Σ, of, the electronic orbital angular momentum L, and the electron spin S on the molecular axis, respectively, is 1/2. The upper manifold corresponds to |Ω| = 3/2 and is designated by 2 Π 3/2 . In addition, each rotation-spin-orbit level is also doubly degenerate, due to the double degeneracy of a Π electronic state. These degenerate pairs have opposite parity, and are usually denoted e and f . For a state of doublet multiplicity, the total parity is +(−1) J−1/2 for the e-labeled states and −(−1) J−1/2 for the f -labeled states (Brown 1975) . In Hund's case (a), the molecular electronic-rotational states are expanded on a basis of the 2 Π 1/2 and 2 Π 3/2 states. As J increases, the mixing between these states increases, so that |Ω| no longer remains a good quantum number. In addition, the coupling of the 2 Π ground state with higher-lying Σ states lifts the twofold parity degeneracy of these so-called Λ-doublets.
The nitrogen atom also has a non-zero nuclear spin (I = 1). The coupling between I and J results in a splitting of each Λ level into 3 hyperfine levels (except for the J = 1/2 level which is split into only 2 levels). Each hyperfine level is designated by a quantum number F (F = I + J) varying between |I − J| and I + J.
The theory underlying the rotational spectroscopy of the X 2 Π molecules was discussed by Brown & Carrington (2003) . We used the analysis by these authors of the spectroscopic parameters presented for the NO molecule by Varberg et al. (1999) . Good agreement with experiment up to the hyperfine level is achievable, even for a reduced set of only 11 parameters (Brown & Carrington 2003, p. 535) . This should be contrasted with the pioneering study of NO by Meerts & Dymanus (1972) , which required 24 parameters.
In our calculation of the rotational energy levels of NO, we included the centrifugal distortion terms and the nuclear spinrotation term. In order to simplify the calculation, we did not, however, include the ΔJ = ±1 matrix elements. For the purposes of the present article, the loss of accuracy can be ignored.
The associated matrix elements in the Hund's case (a) parityconserved 2 Π basis can be found in the literature (Gerry et al. 1987; Klisch et al. 1999; Brown & Carrington 2003 1 ). The energies of the first hyperfine levels are given in Table 1 and shown graphically in Fig. 1 . As seen from Table 1 , the fine structure levels of the 2 Π 3/2 spin-orbit manifold have high energies (>180 K) such that the corresponding lines are undetectable in cold interstellar clouds (see Sect. 4 for further discussion). The ordering of single rotational levels and the selection rule for electric dipole transitions, which states that only transitions between levels of opposite parity are allowed, lead to the existence of two series of transitions inside the 2 Π 1/2 spin orbit manifold, the Π + and Π − bands, connecting (e) and ( f ) levels, respectively. performed quantum calculations of rate coefficients between fine structure levels of NO in collisions with He atoms, in which the hyperfine splitting of the NO levels was not included. These calculations used the results of prior ab initio calculations -and the fit thereto -of Kłos and coworkers (Kłos et al. 2000) . The calculated potential energy surface (PES) was able to reproduce accurately differential cross sections and the absolute values of steric asymmetries, which were determined experimentally for He-NO by Gijsbertsen et al. (2005) and de Lange et al. (2004), respectively. The degree of agreement suggests that rate coefficients obtained from this PES should be accurate. Scattering calculations were completed using the coupled-states approximation (Alexander 1982) , which was shown to be a reasonable approximation to a full closecoupling approach (Alexander 1982) . Rate coefficients between the fine structure levels of NO were obtained for temperatures ranging from 1 to 350 K. Realistic modeling of astrophysical NO line emission requires rate coefficients between hyperfine levels, since modern telescopes usually resolve the corresponding transitions. A full close-coupling (or coupled states) approach is computationally too expensive for molecules with fine and hyperfine structure such as NO. To obtain rate coefficients between hyperfine levels, we adopted an approach that has been used already in astrophysical applications (Guilloteau & Baudry 1981) . It assumes that the hyperfine de-excitation rate coefficients are proportional to the degeneracy (2F + 1) of the final hyperfine level and completely independent of the initial hyperfine level. This simple method Hyperfine levels of NO and corresponding rotational energy levels, for J = 1/2 to 5/2 of the 2 Π 1/2 manifold. The + and − signs denote the parity of the lambda-doublet levels. The relationship between the e and f labels and the parity is given in the text.
Hyperfine rate coefficients
corresponds to a statistical reorientation of the rotational quantum number J after collision (Alexander & Dagdigian 1985) . Within this approximation, the de-excitation rate coefficients between hyperfine structure levels (k JF→J F ) are related to rate coefficients between fine structure levels (k J→J ) as follows:
where I is the nuclear spin of the nitrogen atom. With Eq.
(1), we used the NO fine structure rate coefficients published by to determine rate coefficients for transitions between NO hyperfine levels. The transitions involve all levels with J, J ≤ 25.5 and the rates are for temperatures ranging from 10 to 350 K. Figure 2 presents the temperature variation in NO-He rate coefficients for several transitions frequently observed in radio astronomy within the 2 Π 1/2 spin-orbit manifold. The complete set of (de)excitation rate coefficients with J, J ≤ 25.5 is available online at the LAMDA 2 website. Excitation rate coefficients can be easily obtained by detailed balance.
As one would anticipate, the rate coefficients display the same propensity rules as observed in calculations without hyperfine structure. The rate coefficients for spin-orbit changing transitions ( 2 Π 1/2 ↔ 2 Π 3/2 ) are two orders of magnitude lower than those for transitions within either the 2 Π 1/2 or the 2 Π 3/2 manifold. It is important to specify that the rate coefficients presented here do not show the usual hyperfine propensity rules ΔJ = ΔF, since we made use of the approximation represented by Eq. (1) that the rate coefficients are proportional to the degeneracy (2F +1) of the final hyperfine level and independent of the initial hyperfine level. Daniel et al. (2005) have demonstrated that this approximation may be indeed inaccurate. Notwithstanding, our rate coefficients are the first to be published for the NO molecule and are probably of the correct order of magnitude, since the accuracy of the underlying NO rate coefficients for transitions between fine structure levels was high.
Finally, the significant abundance of H 2 in the interstellar medium implies that this molecule is the primary collision partner for any other species. It is generally assumed (Schöier et al. 2005 ) that rate coefficients with He provide a good estimate of rate coefficients for collision with para-H 2 ( j = 0). For the rotational excitation of SiS, found that rate coefficients for collisions with para-H 2 ( j = 0) can be up to a factor of 3 higher or lower than those for collisions with He, depending on the selected transition, but that the He rate coefficients scaled by a factor 1.4 provide the correct order of magnitude of the H 2 ( j = 0) rate coefficients. Therefore, the present results provide a reasonable first estimate of collisional rate coefficients for collisions of NO with H 2 . On the other hand, it may be unadvisable to use the present He rate coefficients as an estimate of the ortho-H 2 rate coefficients, since the He and ortho-H 2 rate coefficients usually differ significantly. Specific calculations with ortho-H 2 must be performed.
Astrophysical applications

Model setup
The RADEX program (Van der Tak et al. 2007) 3 calculates the intensities of atomic and molecular lines from a uniform medium. Both collisional and radiative processes are taken into account, while optical depth effects are modeled with an escape probability method. We used RADEX to determine the effect of the new rate coefficients on interpreting observations of interstellar NO. The molecular data-file containing NO energy levels, Einstein A coefficients, and collisional rate coefficients is available from the LAMDA website 4 . The spectroscopic data were taken from the JPL 5 database. The spectroscopic data used were not those presented in Sect. 2, but they are in good agreement with the data adopted in Sect. 2 and sufficiently accurate for the purposes of our astrophysical modeling. The transitions can be identified by the calculated hyperfine energies in Table 1 .
Results
Figures 3 and 4 show some results of our calculations. We focus on the emission in the 50-500 GHz range, which is readily detectable to ground-based telescopes. Furthermore, this discussion only considers the strongest hyperfine component of each J-transition, since the trends in the calculations are almost identical for the other, weaker hyperfine components.
The excitation temperature of the 150 and 250 GHz lines equals the adopted value of the background radiation field (2.7 K) at low volume densities, and to rise to higher values as collisional excitation becomes more important. At volume densities above a critical value, the excitation temperature approaches the kinetic temperature, at which point the LTE approximation may be used. For the 150 GHz transition, this critical density lies at ≈10 5 cm −3 , while for the 250 GHz transition, it is a few times higher. Since many regions of the interstellar medium have densities around or below 10 5 cm −3 , the use of the LTE approximation is not generally justified for NO.
At column densities of below ∼1 × 10 15 cm −2 , the excitation of NO is almost independent of column density. The reason is that due to the low dipole moment of NO (0.16 D, similar to CO), the ground state lines are optically thin. At high column densities ( > ∼ 10 16 cm −2 ), the observed ratios between the various hyperfine components of each J-transition may be used to determine their optical depth.
Modern radio telescopes are able to detect an intensity (expressed as an equivalent antenna temperature) of 0.1 K within minutes, and an intensity of 0.01 K within hours. Weaker signals may be detected by using wide bandwidths, which is not an option for line radiation, or by using long integration times, which is limited by instrument stability. The figures indicate that current sensitivity limits enable practical measurement of column densities of ≈10 13 cm −2 , which implies that NO is observable in a diverse range of astrophysical objects.
The excitation of NO does not vary significantly with temperature: the collisional and radiative (de)excitation rates have only low (although non-negligible) and continuous temperature dependencies. The only exception is the ground state transition, for which the variation in excitation temperature with volume density at T = 50 K reaches a peak at T ex at densities immediately below the critical value at which LTE holds. This suprathermal excitation of the ground-state lines is a common effect among linear molecules and was first described by Köppen & Kegel (1980) for the case of CO. The effect occurs at densities just below the critical value and is caused by common propensity rules for the collision rates. The ΔJ = 2 rates tend to be higher than those for ΔJ = 1, which leads to an inversion of the populations of the lowest energy levels of these molecules. The main observable consequence is an increased uncertainty in column densities derived from ground-state lines at densities just below critical. In this regime, the excitation temperature is extremely sensitive to the volume density.
As for the other NO lines in the 50-500 GHz range, we find that all lines in the Ω = 1/2 ladder are detectable (T R > 10 mK) for column densities >10 13 cm −2 and any temperature. In contrast, the lines in the higher-lying Ω = 3/2 ladder require higher column densities (>10 14 cm −2 ) and temperatures (>50 K) to be detectable within reasonable integration times. Figure 5 shows another means of using observations of NO line emission: the intensity ratio of the 150 and 250 GHz lines may be used to constrain the kinetic temperature and/or the density of the emitting region. The figure shows a behavior which is characteristic of linear molecules (cf. Appendix C of Van der Tak et al. 2007) . At low densities (below the critical value of both lines), the intensity ratio is a measure of the density: the stronger the lower-excitation line, the lower the density. At high densities, the intensity ratio becomes a measure of temperature: the stronger the lower-excitation line, the lower the temperature. If measurements of three or more lines (with different critical densities) are available, both temperature and density can be constrained (see Van der Tak et al. 2007 , for examples). 
Conclusions
Observed column densities of NO are measured typically to be in the range 10 15 -10 16 cm −2 in diverse regions as the pre-stellar cores L 183 (L 134N) and L 1544, the Orion region of high-mass star formation, the Sgr B2 cloud at the center of our Galaxy, and the nucleus of the starburst galaxy NGC 253. Assuming LTE in these environments, preliminary estimates of the NO abundance are about 10 −8 with only small variation (Akyilmaz et al. 2007; Ziurys et al. 1991; Halfen et al. 2001; Martín et al. 2006) . However, at these column densities, the ground-state lines of NO (which are those most frequently observed) will be at least moderately optically thick. At least part of the gas in these regions is at densities of below 10 5 cm −3 , which is the regime in which radiation competes with collisions in the excitation of NO. Our calculations therefore demonstrate the need for a full non-LTE treatment when interpreting observations of interstellar NO.
The molecular data presented here enable accurate determinations of NO abundances for a wide range of temperatures, densities, and column densities. One question of interest is a possible enhancement of NO in shocked gas, which may be expected given the temperature dependence of the main production routes of NO, which are neutral-neutral reactions with likely activation barriers. However, it is also possible that the oxygen in shocks is converted entirely to OH and H 2 O. Observations of NO will help to answer this question, since they have the advantage being able to be performed from the ground, unlike those of OH or H 2 O.
Observations of highly excited NO lines with the HIFI instrument onboard ESA's Herschel Space Observatory, scheduled for launch in 2009, will address the possible enhancement of NO in hot gas. A few years later, high-resolution observations of NO with the Atacama Large Millimeter Array (ALMA) will enable detailed investigations of nitrogen and oxygen chemistry in a wide range of astrophysical environments.
